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An analo g -to-digital conversion arrangement a method for analo^-tp-digital conversion and 
a signal processing s y s tem , in which -*b«»^nvftrfiinn an^ ^ent j s app lied 



The invention relates to an analog-to-digital conversion arrangement for 
converting an analog input signal into a digital output signal with a most significant part and 
a least significant part, comprising sample means for sampling the analog input signal, a 
plurality of coarse resolution analog-to-digital, converters for converting the sampled analog 
input signal into a coarse digital signal representing the most significant part of the digital 
output signal, whereby the coarse resolution analog-to-digital converters are operated in an 
interleaved way. 



1 0 Such an analog-to-digital conversion arrangement is known from US-A- 

5,262,779. In this document a conversion arrangement is described with coarse and fine 
resolution analog-to-digital converters, arranged in parallel configurations of subsequently a 
coarse and a fine resolution analog-to-digital converter operating in an interleaved way to 
increase the sample rate. To match differences, caused by offset and gain differences, 

15 between the parallel configurations, autocalibration is applied. 

A disadvantage of this known conversion arrangement is that the coarse and 
fine analog-to-digital converters in each of the parallel conversion channels must have the 
accuracy needed to obtain the desired resolution of the digital output signal, while further 
specific autocalibration means are required and a relatively high energy consumption is 
20 obtained. 



The purpose of the invention is to obviate or at least to mitigate these 
disadvantages and to provide for an analog-to-digital conversion arrangement, which is less 
25 complicated, and in which circuit blocks are shared in order to save energy and chip area, 
while mismatch problems are prevented or decreased. 

Therefore, according to the invention, the analog-to-digital conversion 
arrangement as defined in the opening paragraph, is characterized in that the analog-to-digital 
conversion arrangement further comprises a fine resolution analog-to-digital converter for 
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converting the sampled analog input signal into a fine digital signal representing the least 
significant part of the digital output signal, based upon the coarse digital signal generated by 
any of said coarse resolution analog-to-digital converters. The conversion arrangement 
according to the invention provides for a combination of interleaved coarse resolution 
5 analog-to-digital converters, all co-operating with one single fine resolution analog-to-digital 
converter. This means that part of the conversion arrangement, determining die accuracy of 
the conversion arrangement, is common for all interleaved coarse conversion channels, so 
that circuit blocks are shared, while mismatch problems are prevented or strongly reduced. 

Although various types of coarse and fine analog-to-digital converters can be 
10 used, for example flash analog-to-digital converters, in a particular embodiment these coarse 
and/or fine resolution analog-to-digital converters are formed by successive approximation 
analog-to-digital converters. It is possible to form the coarse resolution converters by flash 
converters and the fine resolution converter by a successive approximation converter; 
although flash converters has the disadvantage that they need more circuit blocks, they have 
15 the advantage that more bits can de determined at the same time in the same clock period, 
while in successive approximation converters more clock periods are necessary to determine 
the successive bits. Also it is possible to apply successive approximation converters as coarse 
resolution converters and a flash converter as the fine resolution converter. 

By forming the coarse resolution analog-to-digital converters as overranging 
20 successive approximation analog-to-digital converters, the accuracy of these converters can 
be lower than the accuracy required to obtain the desired resolution of the digital output 
signal. Only the fine resolution analog-to-digital converter needs to have the required high 
accuracy. In this way the specifications of the coarse analog-to-digital converters may be 
relaxed, thereby farilitating a simplification of the design of the analog-to-digital conversion 
25 arrangement. 

The invention further relates to a method for converting an analog input signal 
into a digital output signal with a most significant part and a least significant part, 
comprising: 

sampling the analog input signal by sampling means; 
30 - converting the sampled analog input signal into a coarse digital signal by a 

plurality of coarse resolution analog-to-digital converters operated in an interleaved way, the 
coarse digital signal representing the most significant part of the digital output signal. 

According to the invention this method is characterized in that it further • 

comprises: 
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converting the sampled analog input signal into a fine digital signal by a fine 
resolution analog-to-digital converter and using the coarse digital signal generated by any of 
said coarse resolution analog-to-digital converters, the fine digital signal representing the 
least significant part of the digital output signal. 

The invention further relates to a system for signal processing in, for example, 
video and communication applications wherein high speed data conversion is required, and in 
which the analog-to-digital conversion arrangement as described above is applied. 



1 0 11x6 above a*"* other objects and features of the present invention will become 

more apparent from the following detailed description considered in connection with the 
accompanying drawings, in which: 

Fig. 1 shows an embodiment of a successive approximation analog-to-digital 
converter being applied in the analog-to-digital conversion arrangement according to the 

15 invention; 

Fig. 2A and 2B are diagrams to clarify the operation of a successive 
approximation analog-to-digital converters without and with overranging; 

Fig. 3 A and 3B are diagrams to clarify the difference between successive 
approximation analog-to-digital converters without and with overranging with respect to 
20 error signals; 

Fig. 4 shows a basic block diagram of the analog-to-digital conversion 
arrangement according to the invention; 

Fig. 5 shows a preferred embodiment of the analog-to-digital conversion 
arrangement according to the invention; and 

Fig. 6 shows a timing diagram for the switches in the conversion arrangement 
of Figs. 4 and 5. 



The successive approximation analog-to-digital converter of Fig. 1 comprises 
30 a feoffor amplifier 1, a sample and hold circuit 2, formed by a switch 3 and a capacitor 4, a 
mmgm&or 5, a digital-to-analog converter 6, a digital control unit 7 and a digital output 
unit 8. From an input voltage of the successive approximation analog-to-digital converter a 
series of rime discrete voltage samples with values V, is derived via the buffer amplifier and 
the sample and hold circuit Zti the comparator 5 &c smsplt voltage values are compared with 
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control voltages values V c obtained from the digital control unit 7 via the digital-to-analog 
converter 6. In response to the comparator output signals S d , by means of an successive 
approximation method the bits of a converted input sample voltage value will be determined 
in the digital control unit 7, beginning with the most significant bit, and supplied by the 
5 digital output unit 8. The latter unit supplies the digital value of the analog input signal of the 
successive approximation analog-to-digital converter. 

In a more simple form the successive approximation analog-to-digital 
converter operates without so called overranging. This means that the voltage range for the 
determination of a bit value is divided in only two separated regions and by means of a single 
10 comparator unit is determined in which region the sample voltage value lies, which region 
again is divided in two separated regions and so on. However, as will be explained 
hereinafter, for a coarse analog-to-digital conversion the application of overranging is 
favorable. This means that the voltage range for the determination of a bit value is divided in 
overlapping regions, particularly three regions, and by means of more comparator units is 
15 determined whether the sample voltage value lies only in one of the outmost voltage regions 
or in more than one voltage region. In the present application it will be supposed that, in the 
case of overranging, the voltage range of the sample input value is divided into three regions, 
so that the comparator 5 in that case may comprise two comparator units. Based upon the 
comparison results a chosen region is again divided into three regions, and so on. Instead of 
two comparator units it is possible to use only one comparator and to perform the two 
comparison actions one after the other; in that case the conversion needs more time. In 
general overranging makes it possible to determine more bits at the same time; this mean that 
overranging includes some aspects of flash conversion. 

The operation of the successive approximation analog-to-digital converter 
without and with overranging will be explained with reference to Figs. 2a and 2b, wherein 
the full range of the sample input value V, is scaled from 0 to 1 V. It is supposed that the 
analog input values are converted in only 4 bits. It will be clear that this number is arbitrary; 
in practice this number will be much larger. 

Starting from a value 0000, in a Grs! step in the digital control unit 7 the first 
30 bit of this value is made high and a signal S c = 1000 is supplied to the digital-to-analog 

converter 6. This value corresponds with 1/2 V. In the example illustrated in Fig. 2a, Vi > 1/2 
V, whereupon the comparator 5 supplies a signal "1" to the digital control unit 7 and the first 
bit "1" of the digital output signai is determined ixi a second step mc digital control unit 
makes the second bit high m^^pm, aligns! C c => I m » ifc, dsgitsl-ts-asifog converter 6. 



20 



25 
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This value corresponds with 3/4 V. In this example Vi < 3/4 V, so that the comparator 5 
supplies a signal "0"to the digital control unit 7, whereupon the second bit of the digital 
output signal is determined as being "0". In a third step the third bit is made high and the 
resulting signal S c = 1010 is supplied to the digital-to-analog converter 6. This signal 
corresponds with a value 5/8 V. As shown in Fig. 2a, Vi > 5/8 V, whereupon the comparator 
5 supplies a signal "l",so that the third bit is maintained in the digital output signal In the 
fourth step the fourth bit is made high, whereupon the digital control unit 7 supplies a signal 
S c = 1011 to the analog-to-digital converter 6. The latter value corresponds with 1 1/16 V. 
Again, as shown in this example Vj > 1 1/16 V, whereupon the comparator supplies a signal 
"1" to the digital control unit 7, the fourth bit is maintained and the obtained conversion 
result, viz. 101 1, corresponding with about 0,7 V, is supplied to the digital output unit 8. 
Then, a next sample conversion can be started. 

Now, with reference to Fig. 2b, the conversion with overranging, in this 
example three overlapping voltage ranges, will be explained. In a first step the digital control 
unit 7 generates two signals, viz. 01 10 and 1010, corresponding with 3/8 V and 5/8 V. The 
comparator 5 in this example comprises two comparator units. In the first comparator unit the 
sample input value Vj is compared with 3/8 V and in the second comparator unit with 5/8 V. 
As shown in Fig. 2b, Vi > 5/8 V, with the consequence that by both comparator units a value 
"1" is supplied to the digital control unit 7. During the conversion process bits are generated 
which are round off later on; in the digital values these bits are indicated by bits behind a 
"point* \ Based on the latter comparator output signals "1, 1", a starting value 0000.0 of the 
digital output signal is changed into 1000.0 by a full adder operation of both "1 *s" to the 
second "0" of the starting value; with this operation the first bit of the analog-to-digital 
conversion is determined. As both comparator -units supplied a signal "1", the most upper 
report is selected for comparison purposes during the second step. In the second step, in the 
digital control unit the next two comparator values are determined, viz. 1011 and 1101, 
corresponding with 1 1/16 and 13/16 V, lying in the upper region. As V| < 1 1/16, by both 
comparator units a value "0" is supplied to the digital control unit 7. By means of a full adder 
operation of both "0's" on the third "0" of the value 1000.0, the second bit "0" of the analog- 
co-dighal conversion is determined. As both comparator units supplied a signal "0", the most 
region is selected for comparison purposes during the third step. In the third step, in the 
digital control unit the next two comparator values are determined, viz. 1001.1 and 1010.1, 
corresponding with 19/32 and 21/32. As shown in Fig. 2b, Vi > 21/32, with the consequence 
mat again by both comparator units a value "1" h supplied to the digital control unit. By 
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means of a full adder operation of both "l's" on the fourth "0" of the value 1000.0, the third 
bit of the analog-to-digital conversion is determined; the value 1000.0 is changed into 1010.0. 
In the fourth step, in the digital control unit the next two comparator values are determined, 
viz. 1010.11 and 1011.01, corresponding with 43/64 and 45/64. Now Vi > 43/64 and Vj < 
45/64, with the consequence that the first comparator unit supplies a value "1" to the digital 
control unit 7 and the second comparator unit a value "0". By means of a full adder operation 
of the values "1" and "0" on the fifth "0" of the value 1010.0 the fourth bit of the analog-to- 
digital conversion is determined; the value 1010.0 is changed into 101 1.0. As in the present 
example the conversion is performed in four bits, the conversion result is round off and again 
1011, whereafter a next sample conversion can be started. 

Although in this case there is no difference in the conversion result between 
the conversion without overranging and with overranging, differences may occur when, 
without overranging, the settling time for the voltages at the entrance of the comparator 
during transitions between two successive sample voltage values or two successive value of 
the digital-to-analog converter is too long, taking into account a desired sample rate. As the 
output resistance of the buffer amplifier 1 and the capacity of the capacitor 4, which is mostly 
a parasitic capacity, can difficultly be adjusted, the settling constant of the sample voltage 
value is practically a given one. When there are great differences between two successive 
sample voltage values, the time necessary to approach the new sample voltage value may be 
unsatisfactory at a given sample rate. To decrease the sample rate, however, is mostly 
undesired. Also at the output of the digital converter 6 offset values or a too long settle time 
may occur. In those circumstances the values at one or both sides of the comparator may be 
incorrect. 

It will be shown that by applying overranging, errors of the above-described 
type will be diminished, while a high sample rate can still be maintained. In Fig. 3A not only 
the situation of Fig. 2A is depicted but also the situation of an error in the sample voltage 
value. Instead of the value Vi the sample voltage has, as a consequence of this error, a value 
Vi + Ae. Following the same reasoning as given above with reference to Fig. 2A, the digital 
output signal will be 1 100 instead of 101 1 witkoul the error. Likewise, in Fig. 3B not only the 
situation of Fig. 3 A is depicted but also the situation of an error in the sample voltage value. 
Instead of the value Vj the sample voltage has, as a consequence of this error, again the value 
Vi + Ae. Following the same reasoning as given above with reference to Fig. 2B, the digital 
output signal will be 101 1 as is the case of Fig. 2 A. So, due to the overranging, in the digital 
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output signal there is no error. This means that with overranging a higher sample rate can be 
applied than without overranging. 

When in a conversion arrangement as in the present invention, a difference is 
made between a coarse and a fine resolution analog-to-digital converter, the coarse resolution 
converter is preferably arranged with overranging, while the fine resolution converter can be 
sufficient without overranging. Indeed, in the fine resolution converter the steps between 
successive sample voltages are already small, so that the settle time will be small too and the 
same high sample rate as usable in the coarse resolution converter with overranging can be 
applied. In the coarse resolution converter with overranging precision, noise and settling 
accuracy are less critical than in the fine resolution converter; therefore, the coarse resolution 
converter may be composed with more cheap and less power consuming components. 

As in the present invention the combination of coarse resolution converters 
and a fine resolution converter is implemented, in a preferable embodiment thereof the coarse 
resolution analog-to-digital converters may be of the type with overranging, while the fine 
15 resolution analog-to-digital converter can be of the type without overranging. Of course, the 
latter can also be of the type with overranging; this, however, may imply a superfluous 
measure. However, as a consequence of offset differences, it is possible that the coarse 
resolution converter supplies a "shifted signal"; in that case the fine resolution converter may 
need one or more bits overrange to obtain a correct co-operation with the coarse resolution 
20 converter. 

Not only by overranging, but also by the application of interleaving the sample 
rate be made higher. Interleaving implies a parallel conversion of successive sample voltages. 
In the present invention interleaving is only applied for the coarse resolution conversion. 
Although a number of parallel coarse resolution conversion channels is applied, according to 
25 the invention they all make use of the same fine resolution analog-to-digital converter. By 
applying the same converter for the least significant part of the digital output signal, the 
effect of possible offset differences between the parallel coarse resolution conversion 
channels can be eliminated. The more expensive and power consuming fine resolution 
converter is applied for all the conversion channels. 
30 A basic bl °ck diagram for the complete analog-to-digital conversion 

arrangement according to the invention is indicated in Fig. 4. This arrangement gives an 
implementation of the combination of: 

interleaved coarse resolution analog-to-digital converters; and 
one single fine resolution analog-to-digital converter. 
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A more detailed block diagram for a preferred embodiment of such an 
arrangement is indicated in Fig. 5. In said preferred embodiment the combination of: 
interleaved coarse resolution analog-to-digital converters; 
one single fine resolution analog-to-digital converter; 
5 - successive approximation coarse and fine analog-to-digital converters; and 

overranging in the coarse analog-to-digital converter. 
The conversion arrangement will be clarified with reference to Fig. 6 which 
shows a timing diagram for the switches S n - S M , S 2 i - S 24 and S 3 i - S 34 in the conversion 
arrangement of Figs. 4 and 5. In the present example coarse resolution conversion is 
10 performed into 8 bits and fine resolution conversion into 4 bits. So any input sample is 

converted into 12 bits. A conversion cycle is divided into 16 clock pulses. 4 clock pulses are 
applied for a sample and hold action, 8 clock pulses for the conversion of the 8 coarse 
resolution bits and 4 clock pulses for the conversion of the 4 fine resolution bits. This means 
that an interleaving of 4 coarse resolution channels may be preferred. These channels have a 
15 phase difference of 4 clock pulses. The cycles of each 4 clock pulses will further be indicated 
as phase 1, phase 2, phase 3 and phase 4 respectively. 

In Fig. 4, each coarse resolution channel comprises a buffer amplifier 1, a 
sample- and hold circuit 9a, 9b, 9c and 9d respectively, a hold buffer amplifier 10a, 10b, 10c 
and lOd respectively, further parts 1 la, 1 lb, 1 1c and 1 Id respectively, for coarse analog-to- 
20 digital conversion, and for fine resolution conversion a hold buffer amplifier 12 and further 
parts 13 for fine resolution analog-to-digital conversion. 

In the following, with reference to Fig. 6, the interleaving and the co-operation 
of coarse and fine resolution converters will be given. 

In phases 1, 2, 3 and 4 respectively, the switches Sn, Si 2 , Si 3 and Si 4 will 
25 successively be closed. The time period of these phases is such, that taking into account the 
desired sampling rate, the settling time of the sample input voltage values at the input of the 
subsequent buffer amplifiers 10a, 10b, 10c and lOd is long enough to obtain an accuracy of at 
least a 1/2 lsb, i.e. half of the value of the least significant bit of the 12 bits conversion. In the 
next two phases, the overlapping phases 2 and 3, 3 and 4, 4 and 5, 5 and 6 respectively, 
30 coarse conversion is realized in the respective channels. After coarse conversion, in the 
phases 4, 5, 6 and 7 fine conversion is performed; in these phases the coarse conversion 
results are successively supplied to the fine resolution converter 13. 

In the preferred embodiment of Fig. 5 each coarse resolution channel 
comprises a successive approximation analog-to-digital converter with overranging. These 
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converters comprise, in accordance with Fig. 1, the buffer amplifier 1, sample- and hold 
circuit 9a, 9b, 9c and 9d respectively, hold buffer amplifier 10a, 10b, 10c and lOd 
respectively, comparators 14a, 14b, 14c and 14d respectively, each having two comparator 
units, analog-to-digital converters 15a and 15b having a coarse resolution, a digital control 
5 unit 16 and a digital output unit 17. The coarse resolution analog-to-digital converters in each 
coarse resolution channel have a common input buffer amplifier, while instead of four 
analog-to-digital converters, for each channel one, in this embodiment two 8-bits analog-to- 
digital converters 15a and 15b in combination with switches 18a, 18b are sufficient. The 
digital control unit 16 and the digital output unit 17 are common for all of the coarse 
10 resolution channels. 

The fine resolution channel, common for all the coarse resolution channels, 
comprises a successive approximation analog-to-digital converter without overranging. 
Again, in accordance with Fig. 1, this converter comprises the said buffer amplifier 1, a 
sample- and hold circuit formed by successively the above sample- and hold circuits 9a, 9b, 
9c and 9d, the hold buffer amplifier 12, a comparator 19, a 12-bits digital-to-analog converter 
20 having a fine resolution, and the above digital control unit 16 and digital output unit 17. 

The operation of the separate coarse and fine resolution successive 
approximation analog-to-digital converters is already given above with reference to Figs. 1, 
2A, 2B, 3A and 3B, while the interleaving and the co-operation of coarse and fine converters 
20 is already given above with reference to Fig. 6. 

In this preferred embodiment, for coarse resolution conversion two digital-to- 
analog converters 15a and 15b are sufficient. During phases 2 and 3 the switch 18a is in the 
position, indicated in Fig. 5: analog comparator signals are supplied to comparator 14a. 
During phases 3 and 4 the switch 18b is in the position, indicated in Fig. 5: analog 
?5 ^mparator signals are supplied to comparator 14b. During phases 4 and 5 the switch 18a is 
in the position, different from that in Fig. 5: analog comparator signals are supplied to 
^mparator 14c. During phases 5 and 6 the switch 18b is in the position, different from that 
in Fig. 4: analog comparator signals are supplied to comparator 14d. Of course it is possible 
to use four 8-bits digital-to-analog converters in stead of the two converters 15a and 15b with 
3t> switches 1 8a and 1 8b. 

During the latter phases the switches S 2l , S22, S» and S 24 are successively 
closed. Before fine resolution conversion is performed, a pre-charge of the input capacitor of 
tne Duffer amplifier 12 is preferred. By this measure a charge redistribution between the 
capacitor of the respective sample- and hold circuit and the input capacitor of the buffer 
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amplifier 12 is reduced or overcome. Therefore, directly before the switching of the switches 
S21, S22, S23 and S2.4 further switches S31, S32, S33 and S 34 are successively closed during a 
fraction of a clock period. 

In summary, the invention relates to an analog-to-digital conversion 
5 arrangement using interleaved analog-to-digital converters, preferably successive 

approximation analog-to-digital converters. The arrangement according to the invention 
results in a very efficient hardware implementation where several circuits are shared by the 
interleaved converters. In this way offset and gain problems between the converters are 
decreased. Also hardware complexity is low. A further advantage is that the arrangement 

1 0 according to the invention has a low power consumption. 

The analog-to-digital conversion arrangement here described may cooperate 
with analog input anti-aliasing filter and digital oulput decimation filter arrangements. It 
appeared that in the present analog-to-digital conversion arrangement the buffers that are 
used at the output in the sample-and hold circuits are dominant in power consumption, even 

15 if the interleaving is oversampled some times compared with the analog bandwidth of die 
buffers. Active filter sections in front of the buffer for anti-aliasing consume as much power 
and add as much noise and distortion as the buffers do. So, oversampling is an attractive 
solution to save power in the anti-aliasing filter and it also prevents folding back of distortion 
which is a typical problem for Nyquist converters. These considerations make the system 
20 particularly valuable for application in arrangements for processing video or communication 
signals wherein high speed data conversion is required. Practible values that seem to be 
feasible for an interleaving successive approximation analog-to-digital converter in CMOS 
technology are an analog bandwidth of 20 MHz and 4 times oversampling at 160 Ms/s at a 
clock frequency of 640 MHz. 

25 The embodiment of the present invention described herein is intended to be 

taken in an illustrative and not limiting sense. Various modifications may be made to these 
embodiment by persons skilled in the art without departing from the scope of the present 
invention as defined in the appended claims. For instance, the coarse as well as the fine 
resolution conversion can be performed for 6 h*s, igain resulting in a 12 bits conversion. In 

30 that case the conversion time can be divided in three phases, each during 6 clock pulses, one 
for sampling and hold, a second for coarse resolution conversion and a third for fine 
resolution conversion, so that three interleaving channels can be used. Of course, conversion 
in a different number of bits is possible. 



